The chemistry of uranium is dominated by hexavalent uranyl dication (UO~2~^2+^) which is a linear triatomic species capped with terminal oxygen atoms[@b1][@b2]. The uranyl ion is remarkably stable form of natural uranium which exists in nuclear fuel processing, and usually exhibits tetragonal, pentagonal, and hexagonal bipyramidal geometries in the equatorial plane[@b3][@b4]. Furthermore, uranyl dication shows little propensity to involve in various reactions characteristic of its group 6 transition-metal analogues \[MO~2~\]^2+^. \[M = Cr, Mo, W\][@b5]. It is worth mentioning that the transition metal analogues of uranyl dication always adopt bent geometry whereas the uranyl ions are essentially linear with bond angle close to 180°, and are strongly covalent in nature. Moreover, the uranyl ion is almost always found with 4, 5 or 6 ligands coordinated to the uranyl cation in the equatorial plane. Interestingly, the bond lengths to the equatorial ligands are always longer than to the axial uranyl oxygen[@b6]. However, the uranyl complexes with cyclopentadienyl-based ligands exhibit coordination number upto 1--3[@b7].

Salen ligands form neutral complexes with uranyl ion UO~2~^2+^ in tetradentate fashion in which a fifth coordination site is occupied by additional monodentate ligand such as hard anion or neutral donor molecule or a solvent molecule in equatorial position[@b8]. Interestingly, the presence of solvent molecule at the fifth position in equatorial plane plays a significant role in the activation of the substrate in catalysis[@b8]. Furthermore, Uranyl(VI) complexes exhibit various promising physicochemical properties, such as photoluminescence, photocatalysis, and photochemical reactivity[@b9]. The photoluminescence in uranyl complexs is due to the excitation and relaxation of the UO~2~^2+^ group. In some cases, the interaction between the ligands and the uranium centers via the "antenna effect" also causes photoluminescence[@b10]. In addition, uranyl complexes have also been reported to have some rare properties like pollutant adsorption properties because of their large surface area and functional groups[@b11].

Herein we are reporting the structure investigations of two derivatives of salen ligand based organouranyl mononuclear complexes \[UO~2~(L)THF\] (1) and \[UO~2~(L)Alc\] (2) supported by single crystal X-ray diffraction measurements and various spectroscopic studies. Furthermore, to make a deeper understanding, a comprehensive computational study on the electronic structure and bonding has also been carried out using DFT calculations. The photocatalytic activity of these complexes have also been investigated and found that both the complexes exhibit remarkable photocatalytic activity on the degradation of rhodamine B (RhB) and methylene blue (MB) dyes. In addition, we have also studied their adsorption and photoluminescent applications.

Results
=======

The complexes 1 and 2 were prepared via a straightforward interaction of salen ligand[@b12] and uranyl acetate in 1:1 molar ratio in THF and ethanol, respectively, producing deep coloured solvated organouranyl complexes. Both the complexes have similar slightly distorted pentagonal bipyramidal morphology around the uranium centre, which is confirmed by X-ray crystallography and various spectroscopic studies. In addition, we justified our experimental results by DFT calculations and TD-DFT measurements.

We have employed our complexes in photocatalysis and found them effective for the degradation of rhodamine-B (RhB) and methylene blue (MB). However, complex 1 found more effective in degradation of dyes in comparison of complex 2. Furthermore, we also tested the dye adsorption and photoluminescence properties of both the complexes.

Discussion
==========

Crystal structure of organouranyl complexes 1and 2
--------------------------------------------------

A perspective view of complexes 1 and 2 structure is shown in [Figs 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}, respectively. The compounds consists of complex molecules composed from the double deprotonated tetrafunctional chelating N,N′-bis(2-hydroxybenzylidene)-2,2-dimethyl-1,3-propanediamine ligand, the dioxouranium(VI) cation and the metal-coordinating solvent molecule (tetrahydrofuran and ethanol, respectively in complexes**1** and **2**). The U1, O5 and C9 atoms of complex **1** occupy special position e of *C*2/*c* space group with site symmetry 2 and multiplicity 4, thus one molecule is located in two asymmetric units. Additionally the two rotation fold axis cross the mid-point of the C12-C12^i^ bond (symmetry code: (i) −x, y, −z + 1/2) of complex **1**. All atoms of complex 2 occupy the general positions, however the chelating ligand and the dioxouranium(VI) cation possess the pseudosymmetry twofold rotation axis going through the U1 and C9, analogously this one of complex 1. Consequently the respect pairs of analogous atoms of (N,N′-bis(Salicylidene)-2,2-dimethyl-1,3-propanediaminato)-dioxouranium(VI) are related by non-crystallographic, above mentioned, pseudosymmetry element. The molecular symmetry of complex **2** is broken only by solvent molecule i.e. the ethanol molecule, which does not possess the internal symmetry of twofold rotation axis (in opposition to tetrahydrofuran). The (N,N′-bis(Salicylidene)-2,2-dimethyl-1,3-propanediaminato)-dioxouranium(VI) moiety in both complexes possess very similar conformations \[[Fig. 3](#f3){ref-type="fig"}\], and the root mean squares deviation of superimposed moieties is 0.25(1) (the most distant equivalent C6 atoms are separated at 0.47(1) Å). The uranium atoms are seven-coordinated by two imine nitrogen atoms, two alkoxide oxygen atoms, two oxide oxygen atoms and one oxygen atom of solvent molecule. The coordination environment of the metal atoms can be described as slightly distorted pentagonal bipyramid[@b13] with the oxide oxygen atoms located at the polyhedron apexes. The presented compounds are the first example of usage of the N'-bis(2-hydroxybenzylidene)-2,2-dimethyl-1,3-propanediamine as a building block for construction of coordination sphere with coordination number equal to 7. In all known compounds of this ligand the coordination number is 4 (4 compounds), 5 (11 compounds) and 6 (16 compounds)[@b14], due to usage of metal ions with different radii. The salicylidene-1-methaneaminato moieties are distorted from planarity (observed in pure ligand 12) as a results of coordination to a relatively large uranium cation. The analysis of C-N bond lengths shows that the double bonds are fully localised within benzylideneamino moieties ([Table 1](#t1){ref-type="table"}).

The each tetrahydrofuran moiety of complex **1** is bonded to the two oxygen atoms of dioxouranium(VI) cationic core *via* weak C---H•••O intramolecular hydrogen bonds[@b15] ([Table 2](#t2){ref-type="table"}) and these interactions form the C~2~^2^(8)C~2~^2^(8)\[R~2~^2^(10)\] motifs of lowest degree of the unitary graph set. The second and higher levels of the graph set are identical due to existence of only one structurally independent intermolecular interaction in the crystal net. The described chains extend along crystallographic \[001\] axis. The O---H•••O intermolecular hydrogen bonds of complex **2** join the molecules in the supramolecular dimers characterised by the R~2~^2^(4)\] motifs of lowest degree of the unitary graph set and the dimers are assembled to the supramolecular layer (propagating along crystallographic (10-1) plane) *via* C---H•••O intramolecular hydrogen bonds (forming the C(5) and R~2~^2^(16) motifs of lowest degree of the unitary graph set). The possibility of existence of π•••π interactions in the studied complexes was excluded on the basis of large distance between the centroids of aromatic rings.

### Spectroscopic Studies

IR spectra of organouranyl complexes show strong bands at 1650 cm^−1^ and 1645 cm^−1^ due to *υ*~(C=N)~ vibrations in complex 1 and complex 2, respectively (see [supporting information Figure \[S1\]](#S1){ref-type="supplementary-material"})[@b16]. The appearance of bands at 581 cm^−1^ in complex 1 and 585 cm^−1^ in 2 is due to ν~(U--N)~ vibrations[@b16]. The medium intensity peak owing to ν~(C-O)~ vibration appears at 1205 cm^−1^ and 1204 cm^−1^ in complex 1 and 2, respectively[@b17]. Asymmetric stretching vibrations due to UO~2~^2+^ cation appears at 894 cm^−1^ and 905 cm^−1^ for complex 1 and complex 2, respectively[@b18][@b19], and the remaining bands were found at their expected positions.

Elemental analyses and ESI-MS data are consistent with the formulation of the complexes and show intense molecular ion peak at m/z 665.53 for complex 1, and m/z 638.49 for complex 2 due to \[M + Na\]^+^ cation adduct.

^1^H- NMR spectra of both the organouranyl complexes showed multiplets at 6.66--7.65 ppm region due to aromatic proton. Aliphatic protons due to --CH~2~ of THF ring coordinated to the uranyl ion were observed at 1.34--3.59 ppm in complex 1, while complex 2 showed aliphatic protons due to coordinated ethanol at 1.90--3.47 ppm along with a singlet at 2.70 ppm (-OH) (see [supporting information Figures \[S2 and S3\]](#S1){ref-type="supplementary-material"}), while the other protons were found at their expected positions. The ^13^C- NMR spectra showed a characteristic cluster of peaks between 120.3--134.3 ppm corresponding to the aromatic carbons. The signal due to --C-O carbon appears at 168.3 in complex 1 and 169.6 ppm in complex 2, respectively. Furthermore, ^13^C-NMR signals assigned to azomethine carbon appear at 168.3 ppm and 168.3 in complex 1, whereas it appears at 168.3 ppm in complex 2, while the rest of aliphatic carbon signals are in good agreement to their expected chemical shift values (see [supporting information Figures \[S4 and S5\]](#S1){ref-type="supplementary-material"}).

The UV-Vis spectra of uranyl complexes 1 and 2, recorded in dichloromethane, show intense absorption bands in the visible region at 435.6 nm (ε = 9.8 × 105 M^−1^ cm^−1^) for complex 1 and λ~max~ 429 nm (ε = 1.6 × 105 M^−1^ cm^−1^) for complex 2, which are supposed to be due to f-d or charge-transfer transitions[@b20][@b21][@b22].

To interpret the electronic spectra of the complexes, TD-DFT calculations were performed in dichloromethane solution ([Table 3](#t3){ref-type="table"}). The experimental results agree well with the calculated absorption spectra of complexes 1 and 2. The experimental band at 435.6 nm corresponds to the transition calculated at 458.7 nm originating from HOMO-1 → LUMO+3 transitions (98%) with LMCT character in complex 1 ([Table 4](#t4){ref-type="table"}), whereas in complex 2, the experimental band at 429 nm corresponds to the transition calculated at 461.8 nm which originates from HOMO-1 → LUMO+3 (61%) and HOMO-1 → LUMO+2 (22%) with significant LMCT character ([Table 3](#t3){ref-type="table"}).

### Molecular geometry

In order to get further insights into the electronic structure of these complexes, density functional theory (DFT) calculations at the B3LYP level were carried out. The optimized structures of complex 1 and 2 reveal that both the complexes have distorted pentagonal bipyramidal geometry (See [Supporting information Figure \[S6\]](#S1){ref-type="supplementary-material"}). A comparison between the calculated and experimentally determined selected bond lengths and angles are listed in [Table S1 (supporting information)](#S1){ref-type="supplementary-material"}. The calculated geometries of both complexes agree well with experimental results. Both U = O3 and U = O4 bond distances are same i.e. 1.793 Å and are equal to previously reported density functional studies[@b23]. Furthermore, O3 = U = O4 angles in complex 1 and 2 were calculated to be 177.9° and 176.4°, respectively which is in agreement with the experimental value of 177°. The electronic and spectral properties of the complexes depend mostly on HOMO, LUMO and the band gap of the complexes. Therefore, the energy of the frontier molecular orbitals of the complexes 1 and 2 (from HOMO-3 to LUMO+3), and their gaps have been computed ([Table 4](#t4){ref-type="table"}). The HOMO and LUMO energy are found to be −5.38/−2.10 eV for complex 1, whereas they are calculated to be −5.53/−2.27 eV for complex 2, respectively. HOMO-LUMO gaps (Δ*E*~*H−L*~) were calculated as 3.27 eV and 3.26 eV for complex 1 and 2, respectively, suggesting that the f−f transitions in the electronic spectra of these complexes would be found at similar wavelengths. Interestingly, LUMO is localized on Uranium atom whereas HOMO on the ligand, L \[[Figs 4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"}\], suggesting that the unoccupied orbital of the complex is featured with U (f) character[@b23].

The complex has been divided into four fractions namely; Uranium (U), Oxygen (2"O"), solvent (THF in complex 1; EtOH in complex 2), and Ligand (L), and their contributions towards FMOs have been computed by QMForge program[@b24] ([Table S2 supporting information](#S1){ref-type="supplementary-material"}). The molecular orbital diagram clearly state that the ligand fragments contributes about 93% towards the HOMO, whereas uranium fragment with 83% stabilize mostly LUMO. Furthermore, it is evident that the ligand fragment (92--99%) mostly contributes HOMO-1 to HOMO-3 whereas the LUMO+1 to LUMO+3 are localized on Uranium atom (82--90%) (See [Supporting Information Figures \[S6 and S7\]](#S1){ref-type="supplementary-material"}). The change in the seventh coordinated solvent from complex 1 to 2 does not change order of FMO energies. However, change in the solvent from CH~3~OH[@b23] to C~2~H~5~OH (Complex 2) doesn't make any change in the FMO contributions, whereas the complex coordinating with the THF (Complex 1) have significant contribution to the HOMO and LUMO.

### Energy Decomposition Analysis (EDA)

EDA reveals the nature of interactions between \[UO~2~(L)\] and solvent in a quantitative way based on the Ziegler's scheme[@b25]. EDA calculations have been carried out to divide the seventh coordinated solvent (THF in complex 1; EtOH in complex 2) as one part and remaining fragment is another part ([Table S3 supporting information](#S1){ref-type="supplementary-material"}). The complex 2 has (−28.91kJ mol^−1^) less negative bonding energy than for complex 1 (−73.71 kJ mol^−1^). The negative bonding energy for both the complexes is due to electrostatic interaction. Furthermore, the steric interaction (Pauli repulsion+electrostatic interaction) is larger in the complex 2 than in the complex 1 by 173 kJ mol^−1^. The orbital interaction is significantly more negative for the complex 2 than for the complex 1, thus making complex 2 more stable by 130 kJ mol^−1^. In fact, the difference in the stability is due to changes in the symmetry. EDA study reveals that the electrostatic interaction is greater than that of orbital interaction in both the complexes. Therefore, the interaction between the seventh coordinated solvent and other parts is mostly electrostatic (65%) ([Table S4 supporting information](#S1){ref-type="supplementary-material"}).

### Natural Bond Orbital (NBO) analysis

The lone pair on O3 and O4, and the anti-bonding lone pair orbital of U atom are involved in ground state stabilization of both the complexes through n~(O)~ → n\*~(U)~ interactions. Furthermore, ground state stabilization is due to n~(N)~ → n\*~(U)~ and n~(O5)~ → n\*~(U)~ interactions. In addition, one of the lone pair, LP(1) interact with n\*~(U)~. [Supporting information Figure \[S7\]](#S1){ref-type="supplementary-material"} shows major orbitals involved in the second order perturbation interactions n~(O)~ → n\*~(U)~ that stabilize the system

### Photocatalytic studies

The photocatalysts have received tremendous interests worldwide due to their significant role in waste water management and air purifying as they thoroughly decompose the organic contaminants[@b26]. Among the various photocatalysts, the uranyl complexes have significantly been used for this purpose[@b27]. Therefore, our prepared uranyl complexes 1 and 2 were tested as the model substrate to evaluate the photocatalytic activity by observing the degradation of RhB and MB. The control experiments were conducted to avoid the possibility of degradation from molecular or oligomeric species that could be formed due to the dissolution of the solid samples in the reaction systems. The electronic spectra of dyes containing organouranyl complexes 1 and 2 showed that both the complexes display strong absorption in the UV/Vis region and the absorption intensities were gradually decreased with time after irradiation with 500W Xe lamp, indicating that both the complexes possesses photocatalytic property under the UV or visible irradiation. It is well reported that the typical UV/vis absorption spectra of uranyl complexes normally found in the UV region is due to the charge transfer electronic transition within U = O double bonds, while the absorption in the visible region is due to U~5f~ ← O~2p~ ligand to metal charge transfer (LMCT) transitions within the O atom of the coordinated ligand and the vacant orbital of uranium (VI) ions[@b26][@b28].

The concentration changes of RhB (Rhodamine B) and MB (Methylene Blue) were described by different absorbance at a certain wavelength 554 nm and 664 nm, respectively. Complex 1 showed accelerated degradation of RhB (90%) when irradiated with visible light for 3 h \[[Fig. 6](#f6){ref-type="fig"}\]. However, the degradation rate on addition of complex 2 was around 70% under similar conditions. On the other hand, the complex 1 shows remarkable decrease in intensity of absorbance when exposed to visible light, and brings approximately 58.5% degradation of MB within 3 h \[[Fig. 7](#f7){ref-type="fig"}\]. However, degradation rate was not significant in case of complex 2 under similar conditions. We conclude that complex 1 exhibits high photocatalytic activity for both RhB and MB under visible light and could be useful for removal of pollutants from waste water. The differences in dye degradation properties of both complexes might be due to the presence of different coordinating solvents viz., tetrahydrofuran and alcohol in complexes 1 and 2, respectively. The presence of tetrahydrofuran in complex 1 may influence the electron abstraction from the dyes more than ethanol of complex 2. Therefore, the tendency of formation of ^**∙**^O~2~^−^ is much more for complex 2 than complex 1. Another possibility for the different extent of degradation for complexes 1 and 2 is supposed to be due to the dioxo uranyl moiety and lattice molecules[@b29]. To compare the results, the dyes were kept under UV irradiation without adding complexes and no such changes in the concentration of dyes were observed.

### Photocatalytic mechanism

The photocatalytic reactions mechanism of uranyl species involves electron transfer and hydrogen abstraction[@b30]. Once the complex irradiate under light, the electrons from the highest occupied molecular orbitals (HOMO) of UO~2~^2+^ group may be promoted to the lowest unoccupied molecular orbitals (LUMO) which is the empty nonbonding orbitals localized on the uranium atom and consequently an excited UO~2~^2+^ species (UO~2~^2+\*^) was generated \[[Fig. 8](#f8){ref-type="fig"}\]. The interaction between 5f orbitals of U and the symmetry match 2p group orbitals of O formed the bonding HOMO and same number of nonbonding LUMO. As the energy level of LUMO is higher, the excited electron in this orbital is unstable and tries to come back to the HOMO instantly. However, the presence of organic dyes within proper orientation and reasonable range, electron from the nucleophile groups of these molecules may be abstracted by the excited UO~2~^2+^ species and it occupied the HOMO and yields an intermediate and a proton. Hence, the possibility of returning of the excited electrons becomes challenging and it remain in the LUMO until it abstracted by other electronegative substances such as O~2~. Due to this, the highly reactive oxygen-centered radicals such as ^∙^O~2~^−^ or peroxide anion radical are formed and these are responsible to oxidize and decompose the intermediates formed in the solution and results complete degradation of the dyes \[[Fig. 8](#f8){ref-type="fig"}\]. Both RhB and MB are stable to O~2~ and visible light. However, these dyes, RhB and MB, undergo degradation with proton abstraction and stepwise de-ethylation on association with photo-excited uranyl centers which results the formation of active intermediates of dyes. These intermediates are then further cracked by the oxygen-centered species in the solution and ending up with the formation of small organic acids and/or CO~2~[@b31][@b32][@b33].

### Fluorescence studies

Fluorescence emission spectra of uranyl acetate and organouranyl complexes **1** and **2** have been studied at excitation wavelength of 399 nm with a slit width of 5 nm, while 10^−3^ M DMSO solution was used as solvent \[[Fig. 9](#f9){ref-type="fig"}\]. It is obvious from the earlier research that fluorescence spectra of organouranyl complexes have characteristic six peaks relating to S~11~ → S~00~ and S~10~ → S~0~ν electronic transitions, where ν = 0--4[@b34][@b35]. The intense peak related to S~10~ → S~0~ν transition for uranyl acetate is observed at emission maxima 454 nm. The prominent peak for complex 1 is observed at emission maxima 472 nm and showing bathochromic shift of around 18 nm when compared to spectrum of uranyl acetate precursor. Furthermore, the fluorescence emission spectrum of complex 2 is relatively broad, and there is no significant shift on comparing with the emission spectrum of uranyl acetate precursor. Therefore, we assume that the changes in characteristic shape and emission maximum of the complexes occurs due to the coordination of uranyl(VI) central ion with the organic templates, since the emission that is observed from the uranyl complexes is actually ligand based[@b21].

### Adsorption properties studies

In order to explore the adsorption properties of the synthesized complexes, batch adsorption experiments were conducted for the removal of target dye. For this purpose, 0.005g each complex was taken in separate 200mL conical flask and 50 mL dye solution of initial concentration 50 mg L^−1^ were added in each flask and kept on a shaker at 100rpm speed. The factor influencing the adsorption efficiency, such as solution pH was taken in consideration and adjusted using NaOH and HNO~3~ solutions. After, certain time intervals (0, 60, 120, 150, 240 and 360 min), the dye solution mixtures was centrifuged at 5000 rpm for 5 min and the concentration of residual RB dye was determined with an UV--vis spectrophotometer (U-3010) at the maximum wavelength of 544 nm. The results obtained after 6 h of adsorption by UV spectra indicates that almost 90% dye was removed due to adsorption with the synthesized complex from the aqueous solution \[[Fig. 10](#f10){ref-type="fig"}\].

The adsorption capacity qt (mg g^−1^) and removal rate (Removal %) was calculated according to the following equations:

where, C~o~ and C~t~ (mg L^−1^) were the concentration of the dye at initial and time t, respectively. A~o~ and A~t~ represented the absorbance of Rhodamine B before and after the adsorption. V (mL) was the volume of the RB solution and m(mg) was the mass of adsorbents.

The results indicates RhB was almost completely removed from aqueous solution after 6 h of adsorption with complex 1, as very low absorbance was detected in UV spectra \[[Fig. 11A](#f11){ref-type="fig"}\]. In case of complex 2 with same dye the results of adsorption were not satisfactory ([Fig. 11B](#f11){ref-type="fig"}\]. This might be due to the less tendency of donating the lone pair of electrons of oxygen of ethanol in complex 2 compared to oxygen of THF in complex 1. Therefore, complex 1 easily absorb the dye by electrostatic interaction with the quaternary nitrogen atom \[=N^+^ (C~2~H~5~)~2~\] of the RhB. The advantages for the adsorption using these complexes is that the water insoluble nature of them makes it very easy to separated them from the reaction systems and allow the recycling and re-use of them.

In conclusion, we have reported the structure investigation of two derivatives of mononuclear organo-uranyl complexes with the formula, \[UO~2~(L)THF\] (1) and \[UO~2~(L)C~2~H~5~OH\] (2). Both the complexes around uranium center have slightly distorted pentagonal bipyrimidial geometry. Furthermore, the structure and bonding properties of the complexes are investigated by density functional theory. FMO analysis reveals that the ligand contributes more towards HOMO whereas LUMO is mainly stabilized by Uranium. The outcome from TD-DFT indicates a band appears at 458.7 nm that arises due to HOMO-1 → LUMO+3 (98%) transition associated with the LMCT character for complex 1, whereas complex 2 shows a band predicted at 461.8 nm have a contribution from HOMO-1 → LUMO+3 (61%) and HOMO-1 → LUMO+2 (22%) transition with significant LMCT character. EDA analysis reveals that complex 2 is more stable by 130 kJ mol^−1^ than complex 1. The results obtained from NBO analysis confirm that stability of the complexes in ground state is mostly due to n → n\* interaction. Moreover, various physicochemical properties of complexes 1 and 2 has been studied and found complex 2 effective photocatalyst when tested against RhB and MB. However, complex 1 showed significant photoluminescence property in DMSO. Moreover, dye adsorption properties of both complexes has also been checked and found that complex 1 is more effective than complex 2 for the adsorption of dye (RhB).

Methods
=======

Materials and instrumentation
-----------------------------

All reagents and solvents were procured from commercial sources and used as received. C,H,N analyses were carried out on ElementarVarrio EL analyzer. ^1^H and ^13^C NMR spectra were recorded on JEOL spectrometer at 400 MHz (^1^H-NMR) and 100 MHz (^13^C-NMR), respectively. The chemical shifts (δ in ppm) were reported downfield from tetramethylsilane (TMS, δ scale) with d~6~-DMSO resonance referenced as the internal standard. FT-IR spectra were obtained on Perkin Elmer 621 spectrophotometer at 400--4000 cm^−1^. Fluorescence measurements were recorded on a Shimadzu Spectro Fluorophotometer (model RF5301PC) equipped with RF 530 XPC instrument control software using a quartz cell of 1 cm path length. ESI-MS analyses were performed using Micromass Quattro Premier Tandem MS.

Synthesis of organouranyl complexes
-----------------------------------

### Synthesis of complex 1, \[UO~2~(L)THF\].

(UO~2~(CH~3~COO)~2~.2H~2~O) (0.46 g, 1.1 mmol) dissolved in minimum quantity of THF (10 mL) was added slowly to a stirred solution of ligand, L[@b12] (0.38 g, 1.1 mmol) in THF (20 mL) at room temperature. The reaction mixture was stirred for 10 hours to yield orange colored solution. The solvent of the reaction mixture was removed under vacuum and the product was washed with diethyl ether and hexane followed by re-crystallization in tetrahydrofuran. Orange colored crystals were separated out in a week.

Yield: 1.09 g (74.4%). Anal.Calc. for C~23~H~28~N~2~O~5~U C, 43.31; H, 4.69; N, 4.21.Found: C, 43.35; H, 4.72; N, 4.25%. FT-IR (cm^−1^, KBr), 1630 (-CH = N), 581 ν(U--N), 894 ν (U = O), ^1^H NMR (400 MHz, d~6~-DMSO): δ (ppm) 9.23 (s, --CH = N), 8.53 (s --CH = N), 7.65 (d, 2H, H1, ^3^J~H-H~ = 6.6 Hz), 7.34 (dd, 2H, H2, ^3^J~H-H~ = 6.6 Hz), 6.94 (dd, 2H, H3, ^3^J ~H-H~ = 6.6, ^4^J ~H-H~ = 1.48), 6.67 (2H, H4, ^3^J ~H-H~ = 6.6), 1.24 (s --CH~3~), 3.88 (s -CH~2~), 3.60 (m -CH~2~), 2.07 (s -CH~2~), 1.24 (s --CH~3~), 1.89 (s -CH~2~)

### Synthesis of complex 2 \[UO

~*2*~*(L).C*~*2*~*H*~*5*~*OH\].* An ethanol solution (5 mL) of uranyl acetate (0.38 g, 0.9 mmol) was added to the solution of ligand, L[@b12] (0.31 g, 0.9 mmol) in ethanol (15 mL) with constant stirring for 5 h resulting into orange colored solution. The solution is allowed to evaporate at room temperature. Orange colored crystals were isolated in few days.

Yield: 0.89 g (79.2%). Anal. Calc. for C~21~H~26~N~2~O~5~U: C, 40.39; H, 4.20; N, 4.49. Found: C, 40.42; H, 4.25; N, 4.55%. FT-IR (cm^--1^, KBr), 1623 (-CH = N), 585 ν(U--N), 905 ν (U = O), ^1^H NMR (d~6~-DMSO): δ (ppm) : 9.23 (s, 2H, --CH = N), 7.53 (dd, 2H, H2 ^3^J~H-H~ = 6.6 Hz, ^4^J~H-H~ = 0.72 Hz), 6.94 (dd, 2H, H3, ^3^J~H-H~ = 6.6 Hz, ^4^J~H-H~ = 0.72 Hz), 7.65 (d, 2H, H1 ^3^J~H-H~ = 7.32 Hz), 7.69 (2H, H4 ^3^J~H-H~ = 7.32 Hz), 1.23 (s, 6H, -CH~3~), 3.89 (s, 4H, -CH~2~), 2.49 (s, -**H**O-CH~2~CH~3~), 3.47--3.42 (qr, 2H, J = 11Hz, J = 7.32 Hz), 1.09--0.98 (t, 3H, J = 7.32 Hz, J = 6.6 Hz).

### Computational details

Quantum chemical calculations were performed using the Gaussian09 program[@b36]. The hybrid B3LYP density functional[@b37][@b38][@b39], and the Stuttgart RSC 1997 effective core potential (ECP) were used to explain the uranium atoms[@b40][@b41]. The pseudopotential represents 60 core electrons in uranium while the remaining 32 electrons are represented by the associated valence basis set. Carbon, hydrogen, oxygen and nitrogen atoms were described using 6-31G(d,p) basis set. On the basis of the optimized ground state geometries, the electronic transitions in the dichloromethane (CH~2~Cl~2~) solution were also calculated by time-dependent DFT[@b42] at the same level using a polarized continuum model (PCM). Natural bond orbital (NBO) analysis was recorded by Gaussian09[@b43][@b44]. BP86/TZP with ZORA using ADF software has been used in Energy decomposition analysis[@b45][@b46] to obtain various interaction energy components between the fragments by the following equation:

### Crystal structure determination

The orange prism crystals of complexes 1 and 2 were mounted on a KM-4-CCD automatic diffractometer equipped with CCD detector, and used for data collection. X-ray intensity data were collected with graphite monochromatedCu*K*~α~ (λ = 1.54178 Å) radiation at temperature 100.0(1) K, with *ω* scan mode. The 6 seconds exposure time was used in both measurements, and reflections inside Ewald sphere were collected up to *θ* = 67°. The unit cell parameters were determined from 981 and 1657 strongest reflections, respectively for 1 and 2. Details concerning crystal data and refinement are given in [Table 5](#t5){ref-type="table"}. During the data reduction the Lorentz, polarization and numerical absorption[@b47] corrections were applied. The structures were solved by partial structure expansion procedure. All the non-hydrogen atoms were refined anisotropically using full-matrix, least-squares technique on F^2^. All the hydrogen atoms were found from difference Fourier synthesis after four cycles of anisotropic refinement, and refined as "riding" on the adjacent atom with geometric idealisation after each cycle of refinement and individual isotropic displacement factors equal 1.2 times the value of equivalent displacement factor of the parent non-methyl carbon atoms, and 1.5 times of parent methyl carbon atoms. The methyl groups were allowed to rotate about the local three-fold axes. The XS, XL and XTL[@b48] software was used for all the calculations. Atomic scattering factors were those incorporated in the computer programs. Selected interatomic bond distances and angles are listed in [Table 1](#t1){ref-type="table"} and intermolecular interactions are listed in [Table 2](#t2){ref-type="table"}.

### Analyses of photocatalytic activity

The photocatalytic activity of the complexes 1 and 2 was assessed by the degradation of rhodamine B (RhB) and methylene blue (MB) dyes under the influence of visible light irradiation. 500W Xe lamp with main output \>400 nm was used as UV light source. During the experiment, 20 mg of each complex was suspended to the 10 ppm 100 ml aqueous solution of RhB and MB, respectively. The suspended solution was magnetically stirred for at least half an hour in the dark to establish adsorption/desorption equilibrium of dyes on the sample surface followed by exposure to 500W Xe lamp for irradiation with continuous stirring. After a certain time irradiation intervals, a series of certain amount of solutions were taken out from the reaction cell and collect them followed by centrifugation. The separated liquid supernatants were then subjected to spectroscopic analysis on the UV/vis spectrometer, and the dyes solutions were diluted as required. The absorbance of RhB was checked at absorption maxima 554 nm, while the MB was measured at 664 nm.

### Fluorescence measurements

The fluorometric studies of uranyl acetate and organouranyl complexes 1 and 2 have been performed on Shimadzu spectro Fluorophotometer (model RF5301PC) fitted with RF 530 XPC instrument control software using a quartz cell of 1 cm path length. The excitation wavelength was chosen at 399 nm for all cases and the slit width was fixed at 5 nm. During the fluorescence experiment, the complexes were dissolved in 10^−3^ M DMSO and the data were recorded.
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![The molecular structure of complex **1** plotted with 50% probability of displacement ellipsoids.](srep32898-f1){#f1}

![The molecular structure of complex **2** plotted with 50% probability of displacement ellipsoids.](srep32898-f2){#f2}

![Superimposition of the molecular structure of complexes 1 and 2.](srep32898-f3){#f3}

![HOMO and LUMO orbitals of complex \[UO~2~(L)THF\] (1).](srep32898-f4){#f4}

![HOMO and LUMO orbitals of complex \[UO~2~(L)C~2~H~5~OH\] (2).](srep32898-f5){#f5}

![The UV--vis absorption spectra of the aqueous solution of RhB during the irradiation under visible light with complex 1 at time interval (a → 0; b → 10; c → 20; d → 30; e → 45; f → 60; g → 90; h → 120; I → 150; j → 180 min; the curve a is the control experiment without any catalyst.](srep32898-f6){#f6}

![The UV--vis absorption spectra of the aqueous solution of MB during the irradiation under visible light with complex 1 at time interval (a → 0; b → 10; c → 30; d → 60; e → 90; f → 120; g → 180 min; the curve a is the control experiment without any catalyst.](srep32898-f7){#f7}

![The possible degradation mechanism of dyes via Photoexcitation of UO~2~^2+^ species in organo-urnayl complexes.](srep32898-f8){#f8}

![Fluorescence emission spectra of metal and complex 1 and complex 2.\
Concentration and excitation wavelength of metal: c = 5.5 104 M, λexc = 300 nm, 1: c = 6.3 105 M, λexc = 321 nm.](srep32898-f9){#f9}

![The photographs of dye absorption at different time interval.\
(**A**) Pure Rhodamine B and Rhodamine B with Complex 1 at 0 hrs and after 6 hrs (**B**) Rhodamine B and Rhodamine B with Complex 2 at 0 hrs and after 6 hrs time interval.](srep32898-f10){#f10}

![The dye absorption spectra at different time interval.\
(**A**) Rhodamine B with Complex 1 and (**B**) Rhodamine B with Complex 2 at different time interval.](srep32898-f11){#f11}

###### Selected structural data of compound **1** and **2** \[Å, °\].

  Compound 1                       Compound 2         
  ----------------- ------------ -------------- ------------
  U1---O3             1.793(4)      U1---O3       1.781(3)
  U1---O1             2.247(4)      U1---O4       1.781(3)
  U1---O5             2.484(6)      U1---O2       2.230(3)
  U1---N1             2.586(4)      U1---O1       2.305(3)
  N1---C7             1.282(7)      U1---O5       2.447(3)
  N1---C8             1.461(7)      U1---N1       2.566(5)
                                    U1---N2       2.573(4)
                                    C7---N1       1.283(7)
                                    N1---C8       1.470(6)
                                    C12---N2      1.468(6)
                                    N2---C13      1.284(7)
  O3---U1---O3^i^     177.0(2)    O3---U1---O4   177.05(15)
  O3---U1---O1^i^    88.19(17)    O3---U1---O2   88.68(15)
  O3---U1---O1       92.59(17)    O4---U1---O2   94.02(14)
  O1---U1---O1^i^    149.21(18)   O3---U1---O1   87.25(14)
  O3---U1---O5       91.48(10)    O4---U1---O1   90.98(14)
  O1---U1---O5        74.61(9)    O2---U1---O1   150.18(12)
  O3---U1---N1       85.10(15)    O3---U1---O5   93.68(14)
  O1---U1---N1       70.19(13)    O4---U1---O5   88.15(14)
  O5---U1---N1       144.41(9)    O2---U1---O5   75.36(12)
  O3---U1---N1^i^    92.49(15)    O1---U1---O5   75.45(12)
  O1---U1---N1^i^    140.41(13)   O3---U1---N1   88.30(15)
  N1---U1---N1^i^    71.19(18)    O4---U1---N1   88.87(15)
                                  O2---U1---N1   140.62(12)
                                  O1---U1---N1   68.76(12)
                                  O5---U1---N1   144.02(12)
                                  O3---U1---N2   91.39(14)
                                  O4---U1---N2   88.42(14)
                                  O2---U1---N2   70.38(13)
                                  O1---U1---N2   139.22(12)
                                  O5---U1---N2   145.21(12)
                                  N1---U1---N2   70.46(13)

Symmetry transformations used to generate equivalent atoms: (i) −x, y, −z + 1/2.

###### Hydrogen bonds geometry of complexes 1 and 2 \[Å, °\].

  ---------------------- -------- ---------- ---------- ---------
  D---H•••A               d(D-H)   d(H•••A)   d(D•••A)   \<(DHA)
  Compound **1**                                        
   C11---H11A•••O3^i^      0.99      2.55     3.283(8)     130
  Compound **2**                                        
   O5---H5O•••O1^ii^       0.81      1.80     2.611(4)     180
   C13---H13•••O4^iii^     0.95      2.54     3.470(6)     168
   C18---H18•••O3^iv^      0.95      2.48     3.329(7)     148
  ---------------------- -------- ---------- ---------- ---------

Symmetry transformations used to generate equivalent atoms: (i) −x, −y, −z; (ii) 1 − x, 2 − y, 1 − z; (iii) 1/2 − x, −1/2 + y, 3/2 − z; (iv) 1−x, 1 − y, 1 − z.

###### Calculated absorptions of complexes 1 and 2 in CH~2~Cl~2~.

  Complexes                Cal (λ~max~) nm   Oscillator Strength (*f*)   E (eV)   Major Contribution (%)   Exp. (λ~max~) nm
  ----------------------- ----------------- --------------------------- -------- ------------------------ ------------------
  Complex 1                     458.7                 0.0043              2.70    HOMO-1 → LUMO+3 (98%)         435.6
  Complex 2                     461.8                 0.0013              2.68    HOMO-1 → LUMO+3 (61%)         429.0
  HOMO-1 → LUMO+2 (22%)                                                                                   
  HOMO → LUMO+3 (12%)                                                                                     

###### Frontier molecular orbital energy (eV) of complexes 1 and 2.

               HOMO-3   HOMO-2   HOMO-1   HOMO    LUMO    LUMO+1   LUMO+2   LUMO+3   Δ*E*~*H−L*~
  ----------- -------- -------- -------- ------- ------- -------- -------- -------- -------------
  Complex 1    −6.56    −6.52    −5.44    −5.38   −2.10   −2.02    −1.89    −1.74       3.27
  Complex 2    −6.69    −6.66    −5.62    −5.53   −2.27   −2.17    −2.09    −1.94       3.26

###### Crystal and structure refinement data of complexes 1 and 2.

  Compound                                                   1                                    2
  ----------------------------------------- ------------------------------------ ------------------------------------
  Empirical formula                                 C~23~H~28~N~2~O~5~U                  C~21~H~26~N~2~O~5~U
  Formula weight                                           650.50                               624.47
  Crystal system, space group                   monoclinic, *C*2/*c* (No.15)       monoclinic, *P*2~1~/~n~ (No. 14)
  Unit cell dimensions \[Å, °\]                      *a* = 17.2330(15)                    *a* = 11.4887(14)
                                                     *b* = 13.5930(11)                     *b* = 12.522(2)
                                                      *c* = 11.8320(9)                    *c* = 15.1669(17)
                                                     *β* = 125.429(12)                     *β* = 92.092(10)
  Volume \[Å^3^\]                                        2258.4(5)                            2180.5(5)
  Z, Calculated density \[Mg/m^3^\]                       4, 1.913                             4, 1.902
  *F(000)*                                                  1248                                 1192
  Crystal size \[mm\]                               0.090, 0.087, 0.086                  0.091, 0.090, 0.088
  *θ* range for data collection \[°\]                  4.53 to 72.37                        4.58 to 72.47
  Index ranges                               −21≤*h*≤21, −16≤*k*≤16, −14≤*1*≤13   −14≤*h*≤14, −15≤*k*≤14, −18≤*1*≤18
  Reflections collected/unique               12136/2242 \[R~*(int)*~ = 0.0351\]   23037/4309 \[R~*(int)*~ = 0.0369\]
  Completeness \[%\]                                 100 (to *θ* = 67°)                  99.9 (to *θ* = 67°)
  Data/restraints/parameters                             2242/0/144                           4309/0/265
  Goodness-of-fit on *F*^2^                                1.093                                1.089
  Final *R* indices \[*I* \> 2σ(*I*)\]         *R*1 = 0.0342, *wR2* = 0.0772        *R*1 = 0.0328, *wR2* = 0.0872
  R indices (all data)                         *R*1 = 0.0342, *wR*2 = 0.0772        *R*1 = 0.0330, *wR*2 = 0.0873
  Largest diff. peak and hole \[e•Å^−3^\]              1.016, −1.057                        1.921, −1.963
